Functionalized carbon nanotubes (f-CNTs) bearing organic molecules and biomolecules show strong potential in biological and biomedical applications. [1] [2] [3] Suitable covalent functionalization of single-walled carbon nanotubes (SWNTs) can tailor critical properties such as solubility in solvents including water, which is crucial for biological applications. 4, 5 Bulk measurements (Raman, IR, UV) are commonly used to characterize modified SWNTs; however, these do not provide direct evidence of the attachment of individual molecules.
High-resolution transmission electron microscopy (HRTEM) and scanning TEM (STEM) are the most powerful techniques for direct imaging and analysis of inorganic nanostructures and provide structural information down to the subnanometer range. Moreover, when coupled with energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss spectroscopy (EELS), chemical and electronic data can also be collected. [6] [7] [8] In contrast, use of HRTEM/ STEM for organic compounds is limited by presentation as individual molecules without structural periodicity and typically contain low-scattering elements (H, C, N, O). 9 Moreover, organic molecules may be easily confused with amorphous carbon partially covering the surfaces of SWNTs.
An important step toward the direct imaging of organic compounds would be their redesign by introducing high scattering heavy elements, which are clearly visible in HRTEM/STEM. 10 Here we present for the first time the synthesis and modification of organic molecules covalently bonded to SWNTs for their detection via HRTEM/STEM in the atomic scale. In the present study, carbohydrates have been the organic molecule of choice. Because of their complex structures, carbohydrates are unrivaled in the density of information that they can convey and act as markers in important recognition processes. [11] [12] [13] They are also representative models for polyfunctional organic molecules.
Two different approaches were investigated. In the sequential route, carboxylates on oxidized SWNTs (SWNT 1) were preactivated by DCC/HOBt prior to direct Staudinger coupling, 14 with putative iminophosphorane derived from GlcNAc-azide 5. 14 2,3,5-Triiodobenzoyl (TIBz) was selected as a high scattering-tagged variant of the widely used benzoyl (Bz) protecting group. It was appended to carbohydrate-coupled SWNT 2 under Steglich conditions, 15 which allowed successful, although partial, esterification. As an alternative, convergent method, tri-TIBz-GlcNAc azide 4, from reaction of 5 and TIBz-chloride, was coupled 14 directly to SWNT 1 and allowed higher levels of glycan incorporation.
TIBz-tags valuably present heavy atoms at well-defined distances free of conformational ambiguity. HRTEM, EDS, and STEM of iodide-tagged SWNT 3 clearly revealed (Figures 1 and 2) the presence and significant level of iodide through functionalization by TIBz. Direct imaging of individual iodides by Z-contrast STEM was possible because a large contrast is observed between I (Z ) 53) and C, N, O (Z ) 6, 7, 8, respectively) as a result of the Rutherford scattering used to form Z-contrast images which scales approximately with the square of the atomic number. 10 Areas where SWNT walls are clean by bright-field imaging also show no iodide by dark-field imaging; many bright dots (iodides) are observed on functionalized areas. We believe that this is the first example of unambiguous atomic-scale detection of organic molecules on SWNTs. Advantageously, like its nontagged counterpart, Bz, tagged protecting group TIBz was readily cleaved; Zemplén deesterfication led to clean restoration of hydroxyl groups. As anticipated, negligible iodide was found in the resulting sample, thereby confirming the switchable nature of the tagged (SWNT 3) T untagged (SWNT 2) interconversions (Scheme 1).
Functionalization of SWNTs was further confirmed by FTIR and NMR spectroscopy (see Supporting Information): carboxylic acid after nitric acid treatment (1720-1740 cm -1 ); CdO amide after Staudinger reaction of 5 to give 2 (1610-1660 cm -1 , amide I). When tri-TIBz-GlcNAcN 3 4 was coupled to SWNT 1 to give SWNT 3, amide I bands appeared with strengthening of CdO bands (1720-1740 cm -1 ) and bands at 1510-1530 cm -1 for TIBz CdC stretching and amide II. 1 H NMR resonances of iodide-tagged SWNT 3 were broader than for tri-TIBz-GlcNAcN 3 4, consistent with lower tumbling frequency. 17 Finally, as an additional key test of not only the presence of unprotected sugar GlcNAc but also of such precisely functionalized SWNTs to interact with carbohydrate-active proteins we tested glyco-SWNT 2 as a non-natural macromolecular substrate for a glycosyltransferase. We were pleased to find 2 was soluble and active in assays with 1,4-galactosyltransferase, at levels consistent with its GlcNAc loading. 19 This represents the first example of an enzymatic glycosylation on the surface of a SWNT; moreover transfer of [6-3 H]-Gal to GlcNAc allowed controlled, site-selective radiolabeling of SWNT 2.
In summary, we have demonstrated that rational design of organic molecules containing heavy element tags allows direct detection by HRTEM/STEM in the subnanometer scale. Using this method we have presented direct evidence of functionalization of SWNTs with carbohydrates (glyco-SWNTs). 5, 20 Given difficulties associated with verification of such organic functionalization on SWNTs we believe that such heavy element tagging-mediated direct detection could play a valuable role. Furthermore, protecting group manipulation in these SWNTs may be achieved and directly detected using HRTEM/STEM thereby allowing precise manipulation of hydroxyl groups on these glyco-SWNTs, which are key recognition determinants. The successful interaction of these precisely constructed glyco-SWNTs with carbohydrate-active proteins demonstrates, in principle, utility as probes of biological processes. It is also hoped that this visual detection method might stimulate development of other high scattering elements tagging methods.
